Enzymes are crucial components of living systems. Along with enzyme catalysis, synthetic transition metal catalysis has seen widespread use under biologically rele vant conditions [1] [2] [3] [4] [5] [6] [7] [8] . By contrast, applications of synthetic organocatalysis in biological systems are only emerging, despite organocatalysis being a powerful tool to selec tively access new transformations in chemical biology. For example, by constructing protein conjugates we can gain a better understanding of cellular biochemistry and eventually come closer to the creation of de novo life. Organocatalysts a r e w e l l s u i ted t o t h i s a n d o t h er t a s ks b e c au se, c o m pa red with enzymes or inorganic catalysts, they are simpler to design and modify, more accessi ble and often less toxic. Organocatalysts can even be considered minimalistic biocatalysts because they can often closely approximate the amino acid residues and cofactors that make up an enzyme. Function can fol low form, such that organocatalytic mechanisms can closely mimic enzymatic ones. Despite this, although enzymatic reactions commonly proceed in aqueous environments, performing organocatalytic reactions in these solutions remains a considerable challenge 9-12 . H 2 O is a solvent with a high surface tension, polarity and hydrogen bonding ability -properties that can detract from organic reactions. Indeed, the major drawbacks for using H 2 O as a solvent are the insolubility of most organic compounds, poor hydrolytic stability of chem ical compounds and catalytic intermediates, and desta bilization of transition states by disruption of hydrogen bonds 10, 13, 14 . However, landmark studies have shown that these challenges can be overcome (Fig. 1) .
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The landmark organocatalysis studies have been reviewed [10] [11] [12] [15] [16] [17] [18] [19] and we instead focus on aqueous organo catalytic reactions, categorizing each type and providing background and examples, including relevant compari sons with enzymatic reactions. We will then evaluate the reactions for their biocompatibility and in vivo applica bility, according to our criteria for implementing prom ising candidates in biological environments. The scope of this Review encompasses reactions in which all reactants, co solvents, reagents and products are homogeneously dissolved in H 2 O or aqueous buffer as the major solvent. Attention must also be paid to catalyst loadings, which in the case of organocatalysts are variable and usually higher than those used for enzymes and transition metal catalysts. Altogether, organocatalysts that operate efficiently in aque ous and even biological environments would find applica tions ranging from smart materials such as soft robotics or self healing materials to more biomedically relevant appli cations like controlled drug delivery or on demand drug synthesis in tumour cells. The examples of organocatalysts discussed in this Review are displayed in Fig. 2 .
The diversity of organocatalyst structures is reflected in the different mechanisms by which they activate substrates. This Review is divided according to these mechanisms, which we now describe.
Organocatalytic activation
Seminal studies by Barbas, List and MacMillan saw orga nocatalysis popularized as a third strategy in asymmetric catalysis, next to transition metal and enzymatic cata lysis [20] [21] [22] . However, examples of organocatalysis extend
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Michelle P. van der Helm 1, 2 , Benjamin Klemm 1, 2 and Rienk Eelkema 1 beyond asymmetric catalysis and we describe here any bond breaking and bond forming transformation. The large collection of particular reactions we have chosen to assess, catalysed by the species shown in Fig. 2 , are pre sented in Supplementary Table 1 , which we will refer to frequently. Here, we present the general reactions for the reader to understand the transformations involved without too many details regarding conditions and exact substrates. These are all available in Supplementary Table 1 .
In covalent activation, the catalyst forms a covalent bond to the substrate to afford an activated intermediate. In terms of aqueous reactions, catalysts that activate a carbonyl substrate to form an enamine and iminium, typically as part of an overall asymmetric aldol reaction, have received the most attention 23, 24 . More generally, the modes of covalent activation are nucleophilic cataly sis, as well as general and specific acid or base catalysis.
In non covalent activation, the catalyst accelerates the reaction by non covalently binding a substrate through one or more modes. Along with singly occupied mol ecular orbital activation, these pathways will not be discussed here because they are rarely observed in H 2 O because this solvent competes strongly with substrates for catalyst binding. Supramolecular catalysis in H 2 O has been reviewed 25 and will not be discussed here either.
Covalent activation
The majority of organocatalytic reactions featuring cova lent activation do so through one of the seven modes depicted below 26, 27 (Table 1) .
Enamine catalysis. Mimicking enzyme catalysis with small molecule analogues is challenging and involves screening not only diverse catalysts but also different NATure reviewS | ChemISTRy reaction conditions. An important motivation for using organocatalysis is that it may eventually be much less substrate specific than enzyme catalysis. One biomi metic organocatalysis approach is enamine catalysis, in which electrophilic substitution reactions of carbonyl compounds are catalysed by primary or secondary amines. The resulting carbinolamine and/or iminium species undergoes deprotonation to afford an enamine intermediate 28, 29 that can react with an electrophile or undergo a pericyclic reaction 28 . The concept has its fun damental roots in, among other reactions 30 , biological pathways for C-C bond formation. Indeed, in nature the direct asymmetric aldol reaction is catalysed by Lys residues [31] [32] [33] in class I aldolases 33 and catalytic antibodies (Ab 38C2 or 33F12) 33, 34 . In class I aldolases, the key residue Lys229 (Fig. 3a) is surrounded by acidic and basic residues that help to activate organic carbonyls and mediate substitution The examples are sorted according to their mechanisms, each of which is represented by archetypical reactions and catalysts, where applicable. SOMO, singly-occupied molecular orbital.
www.nature.com/natrevchem reactions at high turnover frequencies. In pH neutral aqueous solution, the Lys side chain in the resting state attacks the carbonyl substrate to give a more acidic iminium intermediate (Fig. 3b) . The intermediate can be deprotonated by a proximal weak phenoxide base (Tyr363) 35 to give the nucleophilic enamine 30, 36 , which reacts with a different electrophilic carbonyl substrate to give a second iminium intermediate. This interme diate undergoes hydrolysis to liberate the aldol coupled product and regenerate the resting state 29 . Poelarends reported on the unique mechanism of 4oxalocrotonate tautomerase (Fig. 3c) for catalysis of aldol and Michael reactions 37 . This enzyme does not belong to the clas sical aldolases, which operate through a Schiff base 
32
. b | Human muscle aldolase is an example of a class I aldolase, an enzyme that operates through the amine in Lys229 to effect direct asymmetric aldolization of unmodified carbonyl compounds 30, 183 . c | 4-Oxalocrotonate tautomerase crystallizes as a hexamer (Protein Databank identifier: 4X1C) 37 , with N-terminal Pro residues undergoing modification with MeCHO to give active enamine species. d | The aqueous aldol reaction between Me 2 CO and 4-chlorobenzaldehyde is catalysed by nornicotine (1), a mimic of Pro residues. The transition states, determined using density functional theory calculations and kinetic isotope studies, are enclosed in brackets
46
. X-ray structures were visualized using the PyMOL Molecular Graphics System
.
NATure reviewS | ChemISTRy intermediate at the Lys primary amine side chain. In contrast, the tautomerase harbours a unique catalytic N terminal Pro residue that can convert into an enamine, thereby resembling organocatalytic enamine mediated proline catalysis (Fig. 3d) .
Several residues at the active sites of enzymes work together in a very dynamic way to enable the selective activation and conversion of specific substrates into spe cific products. This complex environment, however, is difficult to replicate in a synthetic molecule. However, it turns out that organocatalytic activity can be realized even with single amino acids, when used in combina tion with reaction engineering. For example, free pro line (7) is an efficient enantioselective catalyst for various organic reactions, such as aldol, Mannich and Michael reactions. This promising behaviour of proline, most commonly observed in organic solvents 20 , led chemists to test it and its analogues 8, 9, 11 and 12 for catalytic activity in aqueous aldol reactions (Supplementary Table 1 , reactions 1a,b,c, 2 and 3). Notably, proline and other amino acids featuring secondary amines 38 do not catalyse the aldol reaction in pure H 2 O (reF. 39 ). Owing to the high pK a (11.4) of the pyrrolidine ring, in near pH neutral solution proline exists predominantly in its zwitterionic form 40 . According to a computational study, this form does not afford the enamine intermediate that is necessary for a fast overall aldol reaction. Instead, in these pH neutral solutions, Me 2 CO undergoes thermo dynamically and kinetically favourable hydration to give ketal Me 2 C(OH) 2 . Thus, enamine formation is outcom peted and even if the following reaction to give aldol products had only a moderate activation barrier, the reaction would give only low yields of any desired prod uct 41 . By contrast, the primary amide derivative of pro line catalyses the self aldol reaction of EtCHO in H 2 O at moderate yields and enantioselectivities 42 . Apparently, the amide functionality activates the aldol substrate in H 2 O the same way as the carboxylic acid of proline does in organic solvents.
In 2002, proline (Supplementary Table 1 , reaction 1a) was shown to catalyse direct intermolecular aldol reac tions of ketones in a mixture of buffered aqueous solution containing Me 2 CO (20 v/v%) acting as both co solvent and reactant 43 . Despite the presence of the organic co solvent, we nevertheless consider this work a fundamental starting point for enzymeinspired (biomimetic) organocatalysis. In a sense, the hydro phobic active site 44 of aldolase antibodies 33 is partially mim icked by using proline derivatives bearing hydro phobic groups. Although the yields and diastereoselectivities in the condensation of cyclohexanone with 4nitrobenzal dehyde were good using these derivatives, the enanti oselectivities remained poor (Supplementary Table 1 , reaction 1b) 45 . It is questionable whether the observed reaction proceeds by the proposed enamine mecha nism. Taking into consideration that the proline deriv atives bear secondary amine functionalities (pK a ≈ 11) and are solubilized in non buffered H 2 O, the rise in pH may cause the aldol reaction to be accelerated simply by means of a general base mechanism 46 . Moreover, these results suggest that increased hydrophobicity and a diminished contact between bulk H 2 O and the transition state do not necessarily lead to high enanti oselectivities. However, the same hydrophobic proline derivative under similar reaction conditions can lead to improved aldol product yield and enantioselectivity at low catalyst loading 47 . Multiple research groups [48] [49] [50] have developed novel proline based catalysts for direct asymmetric aldol reac tions in H 2 O, to the point at which a proline amide 11, which features three hydrophobic Ph groups, can main tain high enantioselectivity even at loadings as low as 0.5 mol% (Supplementary Table 1 , reaction 2). Proline based dipeptides such as 9, derived from lproline and apolar β 3 l amino acids (Supplementary Table 1 , reaction 1c), can catalyse the aldol reaction in brine. Catalysts bearing aromatic side chains are the most efficient 51 . The salting out effect caused by brine 52 , combined with the highly hydrophobic regions of the catalyst, again indicate that it is important to present a hydrophobic site for substrates to bind and undergo conversions into enamines and final products 45, 50 . Marx demonstrated the tethering of catalyst and substrate to DNA to increase reaction rates and improve stereo selectivity by bringing the reactants into close proxi mity 53 . They promoted catalyst-substrate interactions by covalently linking proline to DNA (12) and PhCHO to its complementary DNA strand (Supplementary Table 1 , reaction 3).
Proline and other N heterocycles have been applied to aldol reactions between an aldehyde functionalized protein electrophile and another aldehyde at 37 °C in phosphate buffer 54 . Although this is a striking example of organocatalysis at physiological pH and tempera ture, it requires a high concentration of 7 (100 mol%; Supplementary 39 . Experimental and computational studies indicated that the reaction proceeds through enamine catalysis 56 ( Fig. 3d ), which is even faster when the pyridine ring is replaced with an electron poor aryl such as 3nitrophenyl. These moieties lower the pK a of the pyrrolidine N atom to ensure that enough of the free amine remains unpro tonated 40, 57 . More recently, proline-glycine dipep tides with pendant chiral phosphoramides have been shown to catalyse the enantiodivergent aldol reaction of cyclohexanone with aryl aldehydes or isatins in H 2 O with PhCO 2 H (5-10%) 58 . An outstanding example in terms of 'lessons learned from the past' , the catalyst had been modified with reaction performance enhancing functionalities identified from previously described catalysts. Aside from the pyrrolidine ring, the pres ence of hydrophobic substituents and not one but two hydrogen bond donors was essential for enhanced cata lytic performance and enantioselectivity relative to earlier developed catalysts 58 .
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We have so far described pyrrolidine containing catalysts, but there are many other types of organocata lysts that are active for enamine catalysis in H 2 O. For example, l histidine 14 is an effective catalyst for asymmetric cross aldol additions (Supplementary  Table 1, reaction 5) 59 . However, the reactant solution contains only equimolar H 2 O, such that it is question able whether the reaction is truly 'in water' . Indeed, using reactant solutions containing more H 2 O or aque ous phosphate buffer results in lower product yields 60 . A related and more successful study described how alkyl esters of proline, alanine and leucine (such as the hydrophobic species N methylleucine ethyl ester, 15) catalyse the self aldol reaction of hydroxyacetaldehyde (Supplementary Table 1 , reaction 6) 61 . This direct aldol dimerization under homogeneous conditions in buffer is a major step towards full stereocontrol, and built on an earlier study in which the hydrophobic amino acid (R)isovaline mediated aldol dimerization of hydroxy acetaldehyde in H 2 O to give l threose, albeit in low (10%) enantiomeric excess 62 . Similarly, the reaction between cyclohexanone and 4nitrobenzaldehyde is accelerated by amino amide organocatalysts, the best of which (10) 63 .
Aside from aldol reactions, Michael and Mannich reactions are also common C-C bond formation reac tions that can proceed through enamine organocatalysis. To the best of our knowledge, however, no enantiose lective organocatalytic Mannich reactions in H 2 O have been reported. The organocatalytic aqueous Michael reaction is the subject of a comprehensive review 64 describing, among other catalysts, proline analogues, 1,2diamine catalysts, Cinchona alkaloid catalysts and peptide based catalysts. Here, we limit our discussion to a few outstanding examples, the first of which uses hydroxyimide modified l proline derivatives for asym metric Michael additions of ketones to nitroolefins at room temperature (Supplementary Table 1 , reaction 8a) 65 . The N hydroxyphthalimidemodified l proline analogue 16 affords the Michael adduct in particularly high yields and selectivities. It is believed that the reac tants and H 2 O molecules hydrogen bond to 16 to give rigid, well defined transition states that preferentially convert into the desired Michael adducts. Likewise, the perfluorooctanesulfonamide derivative 18, which fea tures a moderately acidic group proximal to a primary amine, can be used at moderate loadings (10 mol%) to effect the Michael addition of benzyl malonate to α,βunsaturated ketones (Supplementary Table 1 , reac tion 9) 66 . The catalyst performs in both cyclohexanone and H 2 O at room temperature without additives, with slightly better results in the former solvent. The perflu oro alkyl group not only has an inductive effect on acidity but also has a hydrophobicity that sees it favourably usher reactants into the pocket, thereby lowering the activa tion barrier for product formation 66 . The last example describes how organocatalyst 17, which has a pyrroli dine linked to an amino amide by means of a triazole, can mediate the reaction between cyclohexanone and β nitrostyrenes (Supplementary Table 1 , reaction 8b) 67 . The triazole mimics the structure of a peptide back bone and the catalyst can operate at very low loadings (0.05 mol%) to give the addition product in moderate yield (70%) but with excellent enantioselectivity 67 .
Iminium catalysis. Iminium ions are prominent inter mediates in asymmetric organocatalytic reactions such as Knoevenagel condensations, cycloadditions and nucleophilic additions, Michael reactions and cascades thereof. Briefly, an amine catalyst condenses with a car bonyl substrate to afford an iminium ion that is com parably polarized to complexes of the same carbonyl with a Lewis or Brønsted acid 68 . Thus, the LUMO of the iminium is lower than that of its corresponding free car bonyl, enabling the former to react more quickly with nucleophiles 69 . Iminium catalysis is very general and a variety of possible nucleophile-electrophile combina tions and interactions exist. Iminium intermediates are common in transamination reactions (see the following section on nucleophilic catalysis) as well as nucleophilic additions and cycloadditions, among other reactions 70 . An early example of iminium catalysis is the report in 2000 of the enantioselective organocatalytic Diels-Alder reaction in H 2 O-MeOH mixtures using chiral imidazo lidinone catalysts 22 (Fig. 4) . This reaction first involves the formation of an α,β unsaturated iminium intermediate from a primary or secondary amine catalyst and an α,β unsaturated carbonyl substrate. This iminium undergoes a fast Diels-Alder reaction with a diene to give an imin ium adduct, which can be hydrolysed to give the product and regenerate the catalyst 71 .
Research into iminium catalysis has expanded since the publication of the above report, but despite its potential, applications in aqueous solvents remain rare. Among the first of these applications was the enantiose lective Michael addition of malonates to a broad range of enone substrates 72 . The catalysts used featured a pri mary amine -the iminium forming group -linked to a secondary amine bearing alkyl substituents. These substituents help to form a hydrophobic environment that encourages substrate binding, as evidenced by the catalyst featuring longer chains giving rise to higher yields. Nevertheless, moderate catalyst loadings and added CF 3 CO 2 H (20 mol% of each) were necessary to obtain the desired yields at 50 °C. More recently, it has been shown that histidine (14) , lysine (19) and arginine are catalysts for the Michael addition of H 2 O to α,β unsaturated ketones (Supplementary Table 1 , reaction 10). The iminium driven Michael addition proceeds in phosphate buffer (pH 7.0) without addi tives at 40 °C using moderate loadings of 19 (25 mol%).
The carboxylate group in the catalyst is thought to play an important role, perhaps serving as an H + acceptor from H 2 O as it attacks the β C site 73 .
Nucleophilic and general/specific base catalysis. An organic base can generally act as a Brønsted or Lewis base. In catalysis, the former leads to either general or specific base catalysis, and the latter is important in nucleophilic catalysis 74 . General and specific acidbase catalysis is a much older concept than nucleop hilic catalysis, which was described by Bender in 1960 (reF. 74 ).The interest in using small organic molecules as catalysts was furthered by an emerging fascination for enzyme structures and mechanistic elucidation. For example, the discovery of a role for the imidazolyl group of a His residue at the active site of α chymotrypsin (Fig. 5a) Table 1 , reaction 11a) and acyl transfer reactions [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] . α Chymotrypsin is an example of a serine pro tease -enzymes that hydrolyse peptides or esters at an active site featuring a His residue near an Asp in a conserved arrangement that enhances the basicity of the His. Thus, the His can deprotonate a proximal Ser resi due such that it can attack the substrate at the carbonyl group. Ser receives an acyl group from the substrate [85] [86] [87] ( Fig. 5b) to afford an esterified intermediate, which can be hydrolysed to give the acid derivative of the substrate and regenerate serine protease. Once more, His plays a key role by effecting H 2 O deprotonation to facilitate the hydrolysis 88 (Fig. 5b) .
Imidazoyl groups are highly polar and amphoteric, and the imidazole-imidazolium conjugate pair can per form general acid-base catalysis. As we now describe, such imidazoyl groups can also perform nucleophilic catalysis. Contemporary with Bender's publication, Jencks formulated three criteria for nucleophilic cata lysis: the catalyst must have a higher reactivity towards the substrate than the acceptor molecule; the reactive intermediate should be more susceptible towards attack by the acceptor than the substrate; and the equilibrium constant for forming the reactive intermediate must be smaller than that for the product 89 . If these criteria are satisfied, the catalytic reaction is faster than the uncata lysed background reaction and the catalyst does not remain bound to the reaction products 89 . One reac tion that sometimes fulfils these criteria is imidazole catalysed hydrolysis of an ester RCO 2 Rʹ, which could conceivably proceed through a nucleophilic pathway in which the formation of an N acetyl imidazole interme diate is rate limiting 79, 90 (Fig. 3c) . The other possibility is the occurrence of a general base mechanism, in which imidazole and H 2 O are a source of the nucleophile − OH. The most favourable pathway depends on the relative suitability of imidazole and − ORʹ as leaving groups 90 . Esters with poorer (more basic) leaving groups are sub ject to general base catalysis, whereas esters with better (less basic) leaving groups such as substituted phenolates undergo nucleophilic catalysis 75, 77 (Fig. 5c, top) . The nucleophilic pathway is pH dependent and is favoured under basic conditions in which imidazole (pK a ≈ 6.9) is more likely to exist as a neutral species 91 .
Aside from well established applications in the hydrolysis of activated esters, the catalysts imidazole (20) and/or histidine (14) are active in other reactions, includ ing the aldol reaction (through an enamine intermedi ate, see above), hydrolysis of N acetylserinamide, RNA cleavage and thioester hydrolysis 91 . The cata lysts can not only take the form of a small molecule or protein 88, [92] [93] [94] but also be imidazole functionalized nanoparticles 95 or polymers 96, 97 . The dipeptide Ser-His was purported as a minimalistic enzyme for the hydro lysis of phosphate ester bonds of DNA, peptide bonds in proteins 98 and 4nitrophenyl acetate. However, it was later found that only activated esters such as the latter substrate fall in the scope of the dipeptide (imidazole itself has a sim ilar scope) 99 . Thus, the search for de novo catalysts for the formation or hydrolysis of amides in H 2 O remains a challenging research area 100 . One approach towards this involves direct selection to screen for catalytically active phages through self assembly of the product 101 . Some of the phages active for ester and amide hydro lysis did not feature Ser-His sequences, and some did not contain His at all. This interesting result indicates that such phages must operate through a mechanism distinct from that described above. Indeed, further experiments gave no evidence for Michaelis-Menten kinetics, leading to the suggestion that the catalytic mechanism resembles that of small molecule organo catalysis 101 . The selection approach using active phages is an interesting step towards identifying efficient new organocatalysts, although their activity does not yet compare with proteases and esterases developed through natural evolution 100 . To date, the hydrolysis of amide bonds under mild conditions, although a facile reaction when using hydrolytic enzymes, remains diffi cult for organic small molecule catalysts. Furthermore, the conceptual and mechanistic relevance of using the hydrolysis of activated esters to mimic that of amides is questionable 99, 102 . Imidazole is not only a H 2 O soluble catalyst for bond breaking reactions, but also for bond formation reactions such as the Morita-Baylis-Hillman (MBH) reaction, in which it serves as a nucleophilic catalyst. Indeed, MBH reactions of aldehydes and cyclic enones, when conducted in the presence of imidazole, afford higher yields in shorter reaction times and have a wider substrate scope that includes typically unreactive and sterically bulky aldehydes 103 . In the case of the MBH reaction of cyclic enones and isatin (Supplementary Table 1 , reaction 12), the bicyclic imidazolyl alco hol 22 is an even better catalyst than imidazole [104] [105] [106] . Experimental and computational evidence sug gest that this high activity is a result of 22 mediating effective intramolecular H + transfer 106 . We note that this reaction of cyclic enones and isatin, although conducted in H 2 O, requires a surfactant to establish a hydrophobic environment in which the organic reactants combine.
Pyridine (5) and its derivatives are the catalysts of choice for acetylations, in which they act as nucleop hilic catalysts that form reactive N acetylpyridinium intermediates. Pyridine itself has a modest Brønsted basicity (pK a ≈ 5.2), such that in neutral aqueous solutions it exists predominantly as its free base (in contrast to alkylamine catalysts, which are more basic) 107 . Consequently, pyridine is an effective cata lyst for the hydrolysis of Ac 2 O (Supplementary Table 1 , reaction 13). Evidence for a nucleophilic catalytic mechanism reaction comes in the relative inactivity of comparably basic but more hindered 2methyl substituted pyridines 108 . However, when the hydrolysis of Ac 2 O is conducted in H 2 O, the direct reaction with the solvent dominates the pyridine mediated pathways. Pyridine has been exploited as a catalyst for the hydro lysis of ArOAc substrates but the rate accelerations are not comparable with pyridine catalysed acylations using anhydrides or imidazole catalysed hydrolyses of activated esters 107, 109 . Additionally, pyridine also has been observed to catalyse maleimide polymerization in H 2 O through a non radical pathway 110 . However, this mechanism is unclear and pyridine may rather serve as a nucleophilic initiator, as is the case for other amines in polar solvents 110, 111 . 4(Dimethylamino)pyridine (DMAP, 6; pK a ≈ 9.2) is more reactive and basic than pyridine, such that in neutral aqueous solution it exists in its protonated cata lytically inactive form. This protonation can be curbed by incorporating 4(alkylmethylamino)pyridine groups into surface crosslinked micelles (21) , in which hydro phobic microenvironments facilitate efficient catalysis of (phosphate) ester hydrolysis even when the bulk solution is acidic (Supplementary Table 1, reaction 11b) 
112
. Other recent catalytic applications of DMAP and its derivatives include affinity protein labelling 113 , activation and acetyl transfer from acetyl coenzyme A to Lys (using peptide appended DMAP analogue featuring a thiol) 114 and the related histone selective acylation using nucleosome binding catalysts and acyl donors (a reaction typically performed by histone acetyltransferases) 115 . Outside biology, DMAP functionalized polyacrylonitrile fibres catalyse the aqueous phase Gewald reaction, in which a ketone/aldehyde (or its equivalent) condenses with an α cyanoester and S 8 117, 118 . This hydrogen bonding effect is apparently a more important contributor to rate enhancement than are polarity and hydrophobic effects, because both salting in and salting out exper iments lead to rate enhancement 117 . The related catalyst 3quinuclidinol (23) is even more active than DABCO or DMAP in the MBH reaction 117 . DABCO has been used in Knoevenagel condensations in H 2 O for the formation of α,β unsaturated carbonyl compounds 119, 120 . In such reactions, DABCO likely acts either as a general base that deprotonates the active meth ylene compound or as a specific base (Supplementary Table 1 , reaction 19) that deprotonates H 2 O (these studies included no information on solution pH to distinguish these two mechanisms) to give OH − , which is known to catalyse such reactions 121 . More generally, a typical prob lem faced by those wishing to conduct these condensa tions in H 2 O is the limited solubility of many organic starting materials. The products are usually insoluble in H 2 O, such that phase separation drives the reaction to completion. Knoevenagel condensations of highly reac tive methylene compounds in H 2 O are often fast even in the absence of a catalyst because the hydrophobic effect 122 causes the organic reactants to partially phase separate into small droplets 123 . Thus, the rates of reactions with negative activation volumes are greatly increased. Aside from this general effect, hydrogen bond donation from H 2 O can also provide a rate enhancement 124 , as has been observed in the MBH reaction catalysed by 23 (reF. 117 ).
The role of DABCO as a nucleophilic catalyst has also been confirmed in the allylic substitution of vinyl phos phonates with N centred and S centred nucleophiles (Supplementary Table 1, reaction 14) 125 . The reader will undoubtedly realize the prevalence of nitrogen bases in our discussion so far. It is consequently no surprise that piperidine (27) 128 ). For example, aniline catalyses hydrazone and oxime formation through a transamination mechanism ( Fig. 6a; Supplementary Table 1, reaction 16 ). These reactions are often applied to bioconjugations such as functionalization of polymers 129 and biomolecules for in vitro and in vivo studies 128, 130 . The nucleophilic catalytic mechanism of aniline was elucidated by Cordes and Jencks back in 1962 (reF.
89 ) (Fig. 6a ). Aniline condenses with the aldehyde or ketone to give the first reactive tetrahedral intermediate (a car binolamine), from which H 2 O is eliminated to give the Schiff base (imine). The imine is subsequently attacked by the hydrazine or alkoxyamine (or semicarbazide 89 ) to afford the second tetrahedral intermediate (a gemi nal diamine) that extrudes aniline and the hydrazone or oxime product (or semicarbazone 89 ) 130 . Despite being a carbonyl condensation reaction, the equilibrium favours hydrazone formation in H 2 O, and hence fulfils Jencks' criteria for nucleophilic catalysis 89 . The reaction is accelerated by acid catalysis 131 but is slow at neutral pH, such that applications in most biological systems are challenging. High (super stoichiometric) concen trations of aniline are required to realize significant rate enhancements 132 , motivating the development of second generation and third generation aniline catalysts for bioconjugation in biological settings 130 . Increasing cata lytic efficiency requires closely studying the pK a and substituent effects of the catalyst 130, [133] [134] [135] , and more basic cata lysts typically promote protonation of the Schiff base and accelerate the reaction 130, 136 . Aside from engineering the catalyst, the choice of reactants is also crucial and ortho substituents on aryl aldehydes can greatly enhance rates (for example, by intramolecular general acid cata lysis with phosphate groups 137 ) 130, 138 . Organocatalysed ligations of peptides by means of hydrazone/oxime formation at pH 7.0 can experience up to 40fold rate enhancements in the presence of super stoichiometric aniline 136, 139 . However, the biocompatibility of aniline is questionable at high concentrations, motivating efforts to search for alternatives such as p aminophenylalanine 140 . Aside from purely synthetic aniline derivatives, bio conjugates have also been investigated. For example, an aniline terminated DNA strand, when hybridized to a complementary hydrazide terminated DNA strand, catalyses the condensation of the hydrazide group with 4nitrobenzaldehyde under physiological conditions 141 .
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The related amine-acid organocatalyst 25 A recent study has shown how the aldehyde product of the protein aldol ligation can be further functionalized in a tandem organocatalyst mediated β hydroxyoxime ligation catalysed by 4methoxyaniline at neutral pH (reF. 54 ). The rate of this organocatalysed oxime forma tion exhibits an unexpected pH dependence, with the yield of conjugation product being higher at pH 7.5 than at pH 4.5. A possible explanation may be the hydrogen bonding between the β OH moiety and the protonated aldehyde or Schiff base intermediate 54 .
Lastly, it has been demonstrated that p aminophenylalanine can be incor porated into artificial enzymes 142 , each with a hydro phobic binding pocket that affords rate enhancements outperforming aniline by a factor of >550 for a model hydrazone formation reaction 142 . Organocatalysed click reactions are not only limited to hydrazone and oxime formation, as demonstrated by the use of thiol catalysts in native chemical ligation (NCL). NCL is an effective method for the chemoselec tive formation of a covalently linked ligation product from two unprotected peptides under aqueous condi tions 143, 144 . Specifically, a thioester terminated peptide undergoes transthioesterification with a thiol catalyst, to afford an activated thioester than can undergo a fur ther transthioesterification with another peptide with an N terminal Cys. After intramolecular acyl transfer from the S atom to the terminal N, one then has a poly peptide with a native amide bond at the ligation site (Supplementary Table 1, reaction 18) 
143
. Mixed catalyst systems (BnSH/PhSH) or 2mercaptoethanesulfonate sodium salt (MESNA) are typical catalysts but they are slow even for sterically unhindered peptides, which can therefore instead participate in side reactions 143, 145, 146 . Alkylthiols and arylthiols with different pK a values 143 have been tested and it appears that whereas arylthiols with higher pK a values are more effective, the oppo site trend is observed for alkylthiols such as MESNA and BnSH. At present, (4mercaptophenyl)acetic acid (MPAA, 26) is the best catalyst and also has improved H 2 O solubility and no offensive odour 143 . Since the dis closure of its activity, MPAA has been extensively used in NCL reactions, although the quest for better performing catalysts has not ended. For example, mercaptobenzyl sulfonates have been investigated, and although they are not faster than MPAA, their greater polarity leads to greater H 2 O solubility and aids the purification pro cess 147 . Akin to aniline catalysis, the thiol catalysed NCL appears to be an example of nucleophilic catalysis, with a reactive thioester intermediate forming from the start ing thioester and thiol catalyst 143, 145, 148 (Fig. 6b) . The rate determining step for arylthiol catalysts is the first transthioesterification, analogous to aniline catalysed hydrazone/oxime formation having to proceed through the limiting Schiff base formation. However, the oppo site holds true for alkylthiols, which have greater basicity such that the second transthioesterification becomes rate determining 143, 145 . The full mechanistic details of these catalysed NCL reactions have not been elucidated 143 and other studies have focused on catalysts for ligations that use an N,S acyl shift reaction. Thus, H 2 O soluble alkyl diselenol catalysts for transthioesterification and ligation have been developed and are superior to MPAA based systems. They are particularly efficient at pH 4.0, which, although not relevant to in vivo or in vitro experiments, does enable complex peptide syntheses 149 .
N-heterocyclic carbene catalysis.
A common method to activate organic carbonyls is to bind an electrophilic catalyst to the O atom. When it comes to aldehydes, the reverse strategy is also useful: N heterocyclic carbene (NHC) catalysts exhibit an opposite activation mech anism with an inverted nucleophilic reactivity. Thus, nucleophilic attack of the carbenic C on the carbonyl C a b . The ligation is completed once the acyl transfers from the S to the N atom of the Cys.
NATure reviewS | ChemISTRy atom affords a so called Breslow intermediate, which is now nucleophilic at the site that was attacked. Thus, the conversion represents an 'Umpolung' of the aldehyde, a concept of charge reversal that was introduced by Seebach in 1979 (reFs [150] [151] [152] ). The mechanism for such NHC catalysis was elucidated by Breslow in 1958, who noted earlier work on cyanide catalysis of Lapworth 151, 153 ( Fig. 7a) . For example, in NHC catalysed benzoin con densation, a thiazolium pre catalyst is deprotonated 154 , typically by a strong (in)organic base, to give a highly (catalytically) active carbene that attacks the aldehyde to give a thiazolium adduct. Deprotonation of the for merly aldehydic proton, which is now acidic owing to the negative inductive effect of the thiazolium, gives the Fig. 7b) , in which the thiamine diphosphate cofactor features an acidic thiazolium [156] [157] [158] . The resulting NHC, in combination with a metal ion, enables these preva lent enzymes to catalyse a plethora of lyase and ligase reactions according to the mechanism postulated by Breslow 156, 157 (Fig. 7a) . The enzyme provides a hydro phobic environment, in which a deep cleft houses the cofactor (Fig. 7b) . Such a protected active site environ ment stabilizes ionic or radical transition states and overall regulates the substrate scope, catalytic activity and enantioselectivity 156, 159 . These enzymes work very efficiently in aqueous media, yet the analogous reac tions using small molecule NHCs in H 2 O have proven to be more challenging owing to the extremely reactive, unstable and moisture sensitive 'naked' carbene and the risk of side reactions 160 . Most NHC catalysts have a pK a higher than that of H 2 O and predominantly exist in their inactive protonated forms in aqueous solution. Despite these unfavourable thermodynamics, depro tonation of azoliums and attack on the electrophile are fast, shifting the acid-base equilibrium 160, 161 . Thus, considerable efforts in the past decades have afforded examples of NHC organocatalysed reactions in aque ous solution 160 . 164 . The choice of N substituents in 29 is crucial for activity; catalysts with long aliphatic chains afford the highest product yields. These chains likely facilitate the formation of micelles in the H 2 O phase. In this way, benzaldehyde derivatives can be coupled to give α hydroxyketones in moderate to excellent yields without further purification. However, this study did not cover the selective preparation of chiral products and, until recently, the asymmetric benzoin condensa tion could not be accomplished in H 2 O. Yet a very recent example proved otherwise, and α hydroxyketones were afforded in good yields and high enantioselectivities with the chiral NHC catalysed asymmetric benzoin reaction (Supplementary Table 1 , reaction 22b) 165 . H 2 O was postulated to act as a proton shuttle in the cata lytic mechanism. Here, the use of inorganic bases to generate the NHC was essential and, as with the previous example, brine can accelerate the homodimerization of PhCHO. . b | The X-ray structure of transketolase (from Saccharomyces cerevisiae, Protein Databank identifier: 1NGS) 159, 186 , the active site of which is occupied by a Ca 2+ -bound thiamine diphosphate cofactor and erythrose-4-phosphate substrate (inset). Structure visualized using the PyMOL Molecular Graphics System 184 .
www.nature.com/natrevchem
Non-covalent activation Up to here, we have described strategies in which an organocatalyst activates a substrate by forming a cova lent bond with it. Activating substrates through non covalent binding is also a popular strategy but has typically involved enantioselective catalysis in organic solvents (sometimes in the presence of H 2 O; reF. 13 169 . High yields are achieved using 33, a catalyst with dual aminopyridine and urea functionalities. The importance of having both of these groups is evidenced by the poor catalytic activity of phenyl substituent derivatives and control reactions using aminopyridine or phenylalanine alone. Similarly good results were obtained by replacing the amino acid motif. Nevertheless, aliphatic and aromatic aldehydes bearing electron donating substituents gave high yields at moderate catalyst loadings (10 mol%), whereas aldehydes [171] [172] [173] . The catalysts feature a redox active polyaromatic flavin by analogy to the flavin dependent enzymes that harbour a (non)covalently bound flavin cofactor that mediates redox catalysis (net O atom transfer or dehydrogenation) 173, 174 . Examples of these enzymes include monooxygenases (such as BaeyerVilliger monooxygenase, Fig. 8a) , halogenases (such as tryptophan 7halogenase) and oxidases (for example, glucose oxidase) 87 . To effect O atom insertion, the fla vin cofactor (flavin mononucleotide or flavin adenine dinucleotide; Fig. 8b,c) undergoes reduction by NAD(P)H before participating in a Michael type addition with O 2 to give a hydroperoxide (in the artificial organocatalytic route, H 2 O 2 itself serves as the direct oxidant). Finally, the O atom is transferred to the substrate, leaving an www.nature.com/natrevchem alcohol group that undergoes elimination to regenerate the flavin 87, 171 . In the enzymes, the reactive flavin hydroperoxide cofactor is buried in a hydrophobic pocket, outside of which it is very unstable 171, 172 . Yet, pioneering work demonstrated that 5alkylflavin hydroperoxides are substantially more stable than the native compound and can be used for heteroatom oxidations 175, 176 . 180 . Thus, two N alkenylγ lactam substrates condense with N 2 H 4 to give a diimine en route to the Nalkylγlactam pro ducts. Although 34 can be used at low loadings (5 mol%), the reactions are conducted at reflux and require 10 molar equivalents of N 2 H 4 •H 2 O, a toxic species that may not be compatible in a biological setting. Whereas the flavin inspired organocatalytic redox catalysts are by far the most studied, other catalytic systems are also reported. For example, Raines showed disulfide reduc tion catalysed by small molecule thiols and selenols as electron relay catalysts and used this approach to reduce disulfides in vitro 181 .
Organocatalytic reactions for non-living and living biological settings. Biocompatible synthetic organo catalytic reactions, such as protein aldol ligation 54 , affinity protein labelling 113 and hydrazone or oxime formation 142 , represent only a fraction of known organo catalytic reactions. Indeed, for a synthetic organocata lytic reaction to be applicable in biological settings, we note that stringent conditions must be satisfied. The reaction must proceed in H 2 O and preferentially in buffered media under approximately physiological con ditions (25 °C < T < 40 °C and 7.0 < pH < 7.4). Ideally, there should be no organic solvent added to the aqueous mixture (although up to 10% of a miscible co solvent may be tolerable), and no additives such as surfactants should take part in the reaction. Additionally, if the reaction is to be conducted in vivo it is necessary for the catalyst, reactants and products to be non toxic. The toxicological data available for most of the reactions we have discussed is limited, and we base our evaluation here on doses lethal to 50% of animals tested and half maximal inhibitory concentration values of the species involved. In cases in which those values were not availa ble, the catalyst building blocks or similar structures were evaluated accordingly.
We found 19 reactions (Supplementary Table 1 ) that fulfil our biocompatibility criteria, placing less value on the toxicity of the product(s), catalyst and reagent(s). In terms of reactions proceeding through enamine catalysis, we favour aldol addition (reactions 3, 4a and 6) and Michael addition (reaction 9). For iminium cata lysis, only the Michael addition of H 2 O (reaction 10) is considered applicable. For nucleop hilic cata lysis, we find ester hydrolysis (reaction 11), DABCO catalysed or quinuclidinol catalysed additions or substitutions (reactions 14 and 15), hydrazone for mation (reactions 16 and 17) and NCL (reaction 18) to be the most appropriate. General/specific base catalysis (reactions 19 and 20) and NHC catalysis (reactions 21, 22a and 22b) apply. For non covalent catalysis, Brønsted acids (reactions 23 and 24) and hydrogen bond donors (reaction 25) are good choices. For redox catalysis, the flavin-cyclodextrin catalyst methodology (reaction 27) is the only one that fits our criteria.
If we tighten our criteria regarding toxicity, we arrive at only a few reactions that might be useful in vivo: self aldol (reaction 6), vinylphosphonate allylic substitu tion (reaction 14), hydrazone formation (reaction 17), enal coupling (reaction 21), benzoin condensation (reaction 22b), Friedel-Crafts (reaction 24) and the Knoevenagel reaction (reaction 25).
Conclusion and outlook
The examples of aqueous organocatalysis described in this Review highlight the importance of Jencks' crite ria, in particular the pK a and energy of the catalystsubstrate intermediate complex relative to those of the reactants and products 89 . Additionally, organocatalysis in aqueous media is very sensitive to the nature of the catalyst. Thus, the field can benefit from improvements in catalyst design, which might involve simply adding or varying substituents on the catalyst (as is the case for aniline derivatives 130, [133] [134] [135] ) or engineering the catalyst to establish a favourable active site microenvironment such that it can operate under unusual conditions (for exam ple, DMAP in surface crosslinked micelles 112 or designer enzymes with unnatural catalytic residues 142 ). The latter examples take inspiration from natural enzymes, in which a hydrophobic pocket often serves as an optimal chemical environment, as we have seen in the biocata lytic examples described here. In addition to preparing H 2 O soluble catalysts with more hydrophobic sites (for example, cyclodextrins bearing a primary amine near their hydrophobic pocket 55 ), the aldol reaction can fur ther benefit when hydrogen bond donors or varying acidity sites are proximal to the nitrogenous active site 58 . Organocatalyst engineering is arguably still a young field and there is tremendous potential for organocatalysis to be exploited in biological environments. To this end, we stated our criteria for organocatalysis to succeed in biological settings and evaluated known conversions for their biocompatibility and potential for in vivo applica tions. Altogether, we expect a bright future for rationally designed organo catalytic processes and encourage their application in biology.
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